Abstract: A novel, intensity-stabilized, fast-scanned, direct absorption spectroscopy (IS-FS-DAS) instrumentation, based on a distributed feedback (DFB) diode laser, is developed. A fiber-coupled polarization rotator and a fiber-coupled polarizer are used to stabilize the intensity of the laser, which significantly reduces its relative intensity noise (RIN). The influence of white noise is reduced by fast scanning over the spectral feature (at 1 kHz), followed by averaging. By combining these two noise-reducing techniques, it is demonstrated that direct absorption spectroscopy (DAS) can be swiftly performed down to a limit of detection (LOD) (1σ) of 4 × 10 −6 , which opens up a number of new applications.
Introduction
As a result of the rapid development of our society, modern industry and agriculture are gradually abandoning traditional, extensive and coarse modes of operation of many types of systems and processes and are instead incorporating finer means of control or even exploiting autonomous systems. Gas Detection in general, and trace gas detection in particular, is one of the most critical constituents of the active control processes that govern many systems in our society and is therefore regarded as an important symbol of modernization [1] . Examples of species that are of importance to detect, already in minor abundances, are ammonia in the process of denitration of coal burning boilers, which is used to control the mixture ratio of urea or ammonia [2] ; hydrogen sulfide in the catalytic conversion process that converts coal gas to methane, which is used to control the amount of the total sulfur in methane [3] ; and CO 2 in the growth process of crops that is used to optimize the efficiency of photosynthesis [4] . In addition, there are a number of toxic or environmentally hazardous gases that would cause harm to our environment if emitted in large quantities, e.g., by large energy consuming
Intensity Stabilization
The experimental setup for laser intensity stabilization is shown in Figure 1 . The intensity controller (IC) consists of a fiber-coupled voltage-controlled polarization rotator (f -PR, BATI, PRM) and a fiber-coupled polarizer (f -Pol, Connet Fiber Optics Company Limited, Shanghai, China). The key directions of the input/output connectors, which represent the slow axis of the polarization maintaining (PM) fibers, are all aligned. The f -PR acts as a half-wave plate and can provide an immediate and continuous rotation of linearly polarized light, thus rotating the included angle between the polarization directions of the light and the f -Pol controlled by an applied control voltage. Therefore, by monitoring a part of the output of the IC and using this as a means to control the f -PR, the output intensity of the IC can, according to Malus law, be controlled.
The experimental setup for laser intensity stabilization is shown in Figure 1 . The intensity controller (IC) consists of a fiber-coupled voltage-controlled polarization rotator (f-PR, BATI, PRM) and a fiber-coupled polarizer (f-Pol, Connet Fiber Optics Company Limited, Shanghai, China). The key directions of the input/output connectors, which represent the slow axis of the polarization maintaining (PM) fibers, are all aligned. The f-PR acts as a half-wave plate and can provide an immediate and continuous rotation of linearly polarized light, thus rotating the included angle between the polarization directions of the light and the f-Pol controlled by an applied control voltage. Therefore, by monitoring a part of the output of the IC and using this as a means to control the f-PR, the output intensity of the IC can, according to Malus law, be controlled. To extract the instantaneous laser power, a part of the output of the IC is split off by the use of a fiber splitter (f-SP) with a splitting ratio of 1:9. The weak output of the splitter is detected by a photodetector (PD). This signal, subtracted by a preset control voltage (V), is regulated by a PI controller (New Port, LB1005) before it is sent, in the form of an error signal, to the f-PR. The strong output of the fiber splitter passes through a gas sample cell and is used as the probe of the gas in the cell.
In order to evaluate the performance of the IC for intensity stabilization, Figure 2a shows the output power of the IC (for a constant power of the incoming linearly polarized light) as a function of direct current (DC) voltage sent to the f-PR. As can be seen, when the voltage is varied from 0 to 200 V, the output power of the IC shows two maxima and one minimum. This indicates that the polarization direction is rotated more than 180° by the f-PR. It is also shown that there are two ranges that show a close-to-a-linear response with respect to the controlled voltage. Due to the non-linear response of the polarization rotator, these two ranges show dissimilar slopes, viz. −0.0138 and 0.0252 (V −1 ), respectively. The second range is chosen for the IC stabilization due to its steeper slope, which gives rise to a faster correction of a given power fluctuation. In order to get an as efficient as possible power correction range for this distributed feedback (DFB) laser, the center bias voltage was therefore chosen as 170 V.
A series of sinusoidal signals, with a fixed amplitude (1 V) but with different frequencies, ranging from 0.1 Hz to 100 kHz, were then superposed on this DC voltage. Figure 2b shows the frequency response of the f-PR, as detected by the PD, in terms of the amplitudes and phase shifts produced by given sinusoidal signals. This graph shows, by the dotted lines in panel b, that the bandwidth is 10 kHz, at which the amplitude is attenuated by 3 dB. It is also shown that the phase shift below 10 kHz is far from 180°, which is suitable for closed-loop and locking applications. To extract the instantaneous laser power, a part of the output of the IC is split off by the use of a fiber splitter (f -SP) with a splitting ratio of 1:9. The weak output of the splitter is detected by a photodetector (PD). This signal, subtracted by a preset control voltage (V), is regulated by a PI controller (New Port, LB1005) before it is sent, in the form of an error signal, to the f -PR. The strong output of the fiber splitter passes through a gas sample cell and is used as the probe of the gas in the cell.
In order to evaluate the performance of the IC for intensity stabilization, Figure 2a shows the output power of the IC (for a constant power of the incoming linearly polarized light) as a function of direct current (DC) voltage sent to the f -PR. As can be seen, when the voltage is varied from 0 to 200 V, the output power of the IC shows two maxima and one minimum. This indicates that the polarization direction is rotated more than 180 • by the f -PR. It is also shown that there are two ranges that show a close-to-a-linear response with respect to the controlled voltage. Due to the non-linear response of the polarization rotator, these two ranges show dissimilar slopes, viz. −0.0138 and 0.0252 (V −1 ), respectively. The second range is chosen for the IC stabilization due to its steeper slope, which gives rise to a faster correction of a given power fluctuation. In order to get an as efficient as possible power correction range for this distributed feedback (DFB) laser, the center bias voltage was therefore chosen as 170 V.
A series of sinusoidal signals, with a fixed amplitude (1 V) but with different frequencies, ranging from 0.1 Hz to 100 kHz, were then superposed on this DC voltage. Figure 2b shows the frequency response of the f -PR, as detected by the PD, in terms of the amplitudes and phase shifts produced by given sinusoidal signals. This graph shows, by the dotted lines in panel b, that the bandwidth is 10 kHz, at which the amplitude is attenuated by 3 dB. It is also shown that the phase shift below 10 kHz is far from 180 • , which is suitable for closed-loop and locking applications. A comparison of the intensity of the laser with and without stabilization was then performed. Figure 3a shows a 10 min recording of the light intensity when the DFB laser was allowed to run freely (red in color) and when the intensity was stabilized (black in color). It can be seen that the latter one, whose amplitude was stabilized at 5.895 V, had limited fluctuations, while the intensity of the laser without stabilization, which was found to fluctuate between 5.87 and 5.93 V for the actual measurement period displayed in Figure 3a (and even more for longer observation times), showed significant drifts, resulting from the intrinsic instability of the DFB laser. A comparison of the intensity of the laser with and without stabilization was then performed. Figure 3a shows a 10 min recording of the light intensity when the DFB laser was allowed to run freely (red in color) and when the intensity was stabilized (black in color). It can be seen that the latter one, whose amplitude was stabilized at 5.895 V, had limited fluctuations, while the intensity of the laser without stabilization, which was found to fluctuate between 5.87 and 5.93 V for the actual measurement period displayed in Figure 3a (and even more for longer observation times), showed significant drifts, resulting from the intrinsic instability of the DFB laser. A comparison of the intensity of the laser with and without stabilization was then performed. Figure 3a shows a 10 min recording of the light intensity when the DFB laser was allowed to run freely (red in color) and when the intensity was stabilized (black in color). It can be seen that the latter one, whose amplitude was stabilized at 5.895 V, had limited fluctuations, while the intensity of the laser without stabilization, which was found to fluctuate between 5.87 and 5.93 V for the actual measurement period displayed in Figure 3a (and even more for longer observation times), showed significant drifts, resulting from the intrinsic instability of the DFB laser. In order to assess the improvement of the intensity stabilization, a further analysis was performed. The upper window in Figure 3b and c show a comparison of the noise spectrum with (black in color) and without (red in color) intensity stabilization. It can clearly be seen that the amplitude of the former is much lower than the latter at low frequencies (below 100 Hz). This verifies that the intensity stabilization scheme can decrease the RIN efficiently.
The lower window in Figure 3b shows Allan-Werle plots of two long term monitored signals. For the scheme without intensity stabilization, the Allan deviation (red in color) reaches its minimum (at 3.6 × 10 −4 ) rather soon (within a fraction of a second) after which it increases. This indicates that the noise originates predominantly from large drift caused by the RIN rather than white noise. With intensity stabilization, however, (black in color) the Allan deviation is immune to the influence of RIN for integration times slightly beyond 10 s; it reaches its minimum value (3.7 × 10 −5 ) for an integration time of 15 s. To both obtain a fast measurement rate and a high sensitivity, an integration time of 1 s was chosen.
Performance of the System for Detection of Gas
IS-FS-DAS was then performed using the setup shown in Figure 4 . The system was based on a DFB laser (NTT Electronics, NLK1S5GAAA) with a free running line width of 2 MHz, working in the 1527 to 1529 nm range. The wavelength was swept by sending a triangular voltage to the DFB driver (ILX Lightwave, LDC3724C). In order to calibrate the wavelength scale, a 1:9 fiber splitter separated a small part of the output light to a homemade etalon with a FSR (Free spectral range-the frequency spacing between two successive longitudinal modes of high finesses cavity) of 0.022 cm −1 , while the transmitted light was recorded by a photodiode (PD3, Thorlabs, PDA10CS-EC). The other part of the light was impinging onto a fiber polarizer to form a linearly polarized beam. This light was then sent to the intensity stabilization system described above. In order to assess the improvement of the intensity stabilization, a further analysis was performed. The upper window in Figure 3b and c show a comparison of the noise spectrum with (black in color) and without (red in color) intensity stabilization. It can clearly be seen that the amplitude of the former is much lower than the latter at low frequencies (below 100 Hz). This verifies that the intensity stabilization scheme can decrease the RIN efficiently.
IS-FS-DAS was then performed using the setup shown in Figure 4 . The system was based on a DFB laser (NTT Electronics, NLK1S5GAAA) with a free running line width of 2 MHz, working in the 1527 to 1529 nm range. The wavelength was swept by sending a triangular voltage to the DFB driver (ILX Lightwave, LDC3724C). In order to calibrate the wavelength scale, a 1:9 fiber splitter separated a small part of the output light to a homemade etalon with a FSR (Free spectral range-the frequency spacing between two successive longitudinal modes of high finesses cavity) of 0.022 cm −1 , while the transmitted light was recorded by a photodiode (PD3, Thorlabs, PDA10CS-EC). The other part of the light was impinging onto a fiber polarizer to form a linearly polarized beam. This light was then sent to the intensity stabilization system described above. The output light, working as the probe light, was passed through a gas cell with a length of 40 cm and measured by PD2. The gas cell, made of stainless steel, has one gas inlet and one gas outlet. The windows were wedged and made of fused silica. The window of PD2 was slightly tilted to reduce the risk of multiple reflections in the optical system (so called etalons). The data was displayed by an oscilloscope (Tektronix, DPO2024) and acquired by a data acquisition DAQ card (NI, USB6361) with an acquisition rate of 1 MHz and a resolution of 16 bits.
The performance of the system for the detection of gas in trace concentrations was then investigated. The system was scanned at 1 kHz, addressing the ν1 + ν3 band P5(e) transition (at 6544.4419 cm −1 ) of acetylene. The cell was run either with pure nitrogen or 16 ppm acetylene, both at a pressure of 0.92 atm. The concentration of the target gas was obtained by volumetric mixing of a standard reference gas with 428 ppm of acetylene with pure nitrogen using a home build concentration regulation system based on two mass flow controllers (MKS, GM50A). The data were averaged over 1 s (thus averaged over 1000 scans). The output light, working as the probe light, was passed through a gas cell with a length of 40 cm and measured by PD2. The gas cell, made of stainless steel, has one gas inlet and one gas outlet. The windows were wedged and made of fused silica. The window of PD2 was slightly tilted to reduce the risk of multiple reflections in the optical system (so called etalons). The data was displayed by an oscilloscope (Tektronix, DPO2024) and acquired by a data acquisition DAQ card (NI, USB6361) with an acquisition rate of 1 MHz and a resolution of 16 bits.
The performance of the system for the detection of gas in trace concentrations was then investigated. The system was scanned at 1 kHz, addressing the ν 1 + ν 3 band P 5 (e) transition (at 6544.4419 cm −1 ) of acetylene. The cell was run either with pure nitrogen or 16 ppm acetylene, both at a pressure of 0.92 atm. The concentration of the target gas was obtained by volumetric mixing of a standard reference gas with 428 ppm of acetylene with pure nitrogen using a home build concentration regulation system based on two mass flow controllers (MKS, GM50A). The data were averaged over 1 s (thus averaged over 1000 scans).
The upper window in Figure 5a shows the average light intensity without intensity stabilization. Because of the intrinsic intensity variation of the DFB laser, the transmitted intensities in the absence (red in color) and in the presence (black in color) of acetylene, are difficult to distinguish from each other. Thus, the absorption feature is drowned in the background. The corresponding absorption coefficient, based on the Beer-Lambert law and shown in the lower window of Figure 5a , shows significant fluctuations, which originate from the RIN of the laser. The profile is also asymmetric, which is caused by the associated intensity modulation. The upper window in Figure 5a shows the average light intensity without intensity stabilization. Because of the intrinsic intensity variation of the DFB laser, the transmitted intensities in the absence (red in color) and in the presence (black in color) of acetylene, are difficult to distinguish from each other. Thus, the absorption feature is drowned in the background. The corresponding absorption coefficient, based on the Beer-Lambert law and shown in the lower window of Figure 5a , shows significant fluctuations, which originate from the RIN of the laser. The profile is also asymmetric, which is caused by the associated intensity modulation. Figure 5b shows the result with intensity stabilization. Although the intensity amplitude is smaller than that of Figure 5a , which is caused by the fact that the set point of the intensity stabilization must be below the minimum of the intensity amplitude, the light intensity in Figure 5b is much more stable and the absorption feature can be recognized directly from the measured intensity, even under such weak absorption as that from 16 ppm of C2H2. The absorption coefficient, derived from the novel IS-FS-DAS system presented in this work, illustrated in the lower window, shows a larger signal-to-noise ratio (SNR) and therefore a better LOD than that of the conventional system. The structure of the intensity from an empty cavity in the upper window of Figure 5b arises from the interference between various optical components (referred to as etalon signals), which repeatedly has been shown to be difficult to completely eliminate.
The tuning range of the laser was presently restricted to 0.7 cm −1 , which, as can be seen from the figure, is sufficient to cover an individual spectral absorption feature. If a wider range is needed, an improved design of the servo loop, to increase the gain in low frequency region, for example, using a cascaded-integrators approach, needs be implemented [33] .
A comparison of the conventional DAS and the new IS-FS-DAS scheme was then performed. A 1 Hz triangle scan without intensity stabilization and a 1 kHz one with intensity stabilization were used to probe the same concentration of acetylene (16 ppm). The data obtained by the latter were exposed to an averaging over 1000 measurements, implying that the two acquisitions represent the Figure 5b shows the result with intensity stabilization. Although the intensity amplitude is smaller than that of Figure 5a , which is caused by the fact that the set point of the intensity stabilization must be below the minimum of the intensity amplitude, the light intensity in Figure 5b is much more stable and the absorption feature can be recognized directly from the measured intensity, even under such weak absorption as that from 16 ppm of C 2 H 2 . The absorption coefficient, derived from the novel IS-FS-DAS system presented in this work, illustrated in the lower window, shows a larger signal-to-noise ratio (SNR) and therefore a better LOD than that of the conventional system. The structure of the intensity from an empty cavity in the upper window of Figure 5b arises from the interference between various optical components (referred to as etalon signals), which repeatedly has been shown to be difficult to completely eliminate.
A comparison of the conventional DAS and the new IS-FS-DAS scheme was then performed. A 1 Hz triangle scan without intensity stabilization and a 1 kHz one with intensity stabilization were used to probe the same concentration of acetylene (16 ppm) . The data obtained by the latter were exposed to an averaging over 1000 measurements, implying that the two acquisitions represent the same detection bandwidth, viz. 1 Hz. The data points in black in the upper window of Figure 6a represent an absorption coefficient from a single scan of the conventional DAS instrumentation while the curve in red represents a fit of the expected Lorentz line shape function by the least-square fitting method. The residual is presented in the lower window. It can easily be seen that the result of the conventional scheme, under the influence of white noise and RIN, leads to poor quality data. Figure 6b shows the result based on our novel IS-FS-DAS scheme. Note the differences in scales for the residuals between the two panels. It can clearly be seen that the intensity stabilization can suppress the RIN and thereby the fluctuations at low frequencies, while the fast scanning scheme, followed by averaging, can restrict the influence of the white noise, thus resulting in a less noisy, smoother curve. The SNR is improved by 25 times and a LOD of the IS-FS-DAS system (defined as the signal that equals one standard deviation, i.e., 1σ) of 4 × 10 −6 was obtained. represent an absorption coefficient from a single scan of the conventional DAS instrumentation while the curve in red represents a fit of the expected Lorentz line shape function by the least-square fitting method. The residual is presented in the lower window. It can easily be seen that the result of the conventional scheme, under the influence of white noise and RIN, leads to poor quality data. Figure 6b shows the result based on our novel IS-FS-DAS scheme. Note the differences in scales for the residuals between the two panels. It can clearly be seen that the intensity stabilization can suppress the RIN and thereby the fluctuations at low frequencies, while the fast scanning scheme, followed by averaging, can restrict the influence of the white noise, thus resulting in a less noisy, smoother curve. The SNR is improved by 25 times and a LOD of the IS-FS-DAS system (defined as the signal that equals one standard deviation, i.e., 1σ) of 4 × 10 −6 was obtained. By combining two noise-reducing methods, i.e., intensity stabilization and fast scanning, under the same condition (e.g., same integration time), the LOD of our system is reasonably better than that of other systems when only the fast laser scanning was used [34] . Benefiting from the intensity stabilization, it is even found to be similar to that of improved WMS setups, in which systematic care has been taken to eliminate source and detector noise and optical etalons from the system, which typically is in the 10 −6 range [35] .
Although not often demonstrated, due to modulation at a higher frequency where there is less technical noise, FMS can potentially obtain a LOD that approximates the shot noise limit (normally ~10 −7 ) [29] . It is also possible for our system to reach these levels if a higher scan frequency is used, although this will require a redesign of the servo to the intensity stabilization with a wider bandwidth and a larger gain. For our system, with the detection bandwidth Δf of 1 Hz, a detector current responsivity ηc of 1.05 A/W, and an incident power P0 of 1 mW, the shot-noise-limited absorption can be calculated by 
where e is the electronic charge. This shows that the result presented in this work is almost 2 orders of magnitude above the shot-noise-limit, which, in turn, shows that there is still room for improvement. By combining two noise-reducing methods, i.e., intensity stabilization and fast scanning, under the same condition (e.g., same integration time), the LOD of our system is reasonably better than that of other systems when only the fast laser scanning was used [34] . Benefiting from the intensity stabilization, it is even found to be similar to that of improved WMS setups, in which systematic care has been taken to eliminate source and detector noise and optical etalons from the system, which typically is in the 10 −6 range [35] .
Although not often demonstrated, due to modulation at a higher frequency where there is less technical noise, FMS can potentially obtain a LOD that approximates the shot noise limit (normally~10 −7 ) [29] . It is also possible for our system to reach these levels if a higher scan frequency is used, although this will require a redesign of the servo to the intensity stabilization with a wider bandwidth and a larger gain. For our system, with the detection bandwidth ∆f of 1 Hz, a detector current responsivity η c of 1.05 A/W, and an incident power P 0 of 1 mW, the shot-noise-limited absorption can be calculated by 
where e is the electronic charge. This shows that the result presented in this work is almost 2 orders of magnitude above the shot-noise-limit, which, in turn, shows that there is still room for improvement.
Conclusions
In conclusion, a novel gas concentration analyzer based on intensity-stabilized, fast-scanned, direct absorption spectroscopy has been developed and scrutinized. A combination of a fiber-coupled polarization rotator and a polarizer has been used to stabilize the intensity and thereby suppress the RIN of the DFB laser. The added instrumentation, which mainly consists of a fiber-coupled voltage-controlled polarization rotator is as small in size as a coin, thus convenient for system integration. A comparison with a non-stabilization scheme shows that the performance of the system is excellent; in comparison with traditional direct absorption spectroscopy without intensity stabilization, an improvement factor of 25 times of the SNR has been obtained. More specifically, it has been demonstrated that DAS with intensity stabilization and a scan rate of 1 kHz, followed by 1 s averaging to decrease the influence of white noise, is capable of producing an astonishing LOD of 4 × 10 −6 (1σ). This opens up a series of new implementations of DFB-laser-based DAS instrumentation, not least for detection of a variety of toxic and environmentally important species in low concentrations.
